Examination of Acacia tortilis seedling germination and establishment relative to canopy cover of trees showed a greater proportion of newly germinated seeds per unit area, but a lower proportion of established seedlings, under canopies when compared with open (i.e. between canopy) areas. To examine the potential role of shading on seedling distribution in the field, the effects of photon flux density (PFD) on the growth rate and biomass allocation of Acacia tortilis seedlings were examined. Seedlings were grown for a period of 6 weeks under controlled environmental conditions at PFD's of 770,430,330, and 150 fLmol m -2S -1. There was a significant decrease in biomass production (root and shoot, root length and leaf area) with decreasing PFD. Height growth was stimulated by reduced light levels resulting in an inverse relationship between the ratio of plant heighVshoot weight and PFD. The ratio of rooVshoot declined, whereas both leaf area ratio (leaf area/total weight) and root biomass/leaf area increased with decreasing PFD. Relative growth rate (whole plant) was initially lower for seedlings grown under the lowest light treatments. However, with time, higher leaf area ratio offset lower net assimilation rate for the two lowest light treatments, eliminating differences in relative growth rate among treatments. The ecological implications of reduced production and changes in carbon allocation under reduced light levels in semi-arid savannas are discussed.
Introduction
Studies of patterns of woody seedling establishment within Acacia spp. savanna communities in southern Africa has revealed a marked absence of Acacia spp. establishment under the canopies of trees. In contrast, various evergreen and deciduous broadleaf species have clumped distributions, with seedling establishment associated with the canopy cover of Acacia spp. (Smith & Walker 1983; Smith & Goodman 1986; Smith & Goodman 1987) . Allelopathic effects are unlikely to be the sole factor limiting seedling establishment because failure of Acacia spp. to establish under canopy cover is independent of the canopy species. Both soil nutrient level and moisture status in undercanopy environments appear favourable for seedling establishment (Kennard & Walker 1973; Olsvig-Whittaker & Morris 1982) . However, reduced light levels under the canopies of trees may playa role in suppressing Acacia spp. seedling establishment. Acacia spp. have been associated with early successional stages (Obeid & Seif El Din 1979; Noble & Slatyer 1977; Weisser & Marques 1979; van Auken & Bush 1985; Smith & Goodman 1987 ), suggesting a degree of shade intolerance. The effects of artificial and natural shading on the establishment and growth of various Australian and North American Acacia spp. (Withers 1979; Milton 1982; Bush & van Auken 1986; Lohstroh & van Auken 1987) suggest that shading by established tree canopies may be responsible for limiting the establishment of seedlings. However, light has not been addressed as a limiting factor in the distribution and growth of woody plants in the African savannas, and the effects of irradiance on the production and carbon allocation of African Acacia spp. have not been previously examined.
The objective of the present study is to examine the growth response of Acacia tortilis seedlings to reduced light availability and relate the responses to observed patterns of establishment in the field.
Field data were collected in the intensive study area (South African Savanna Ecosystem Project, CSIR) of Nylsvley Provincial Nature Reserve, northern Transvaal, South Africa. Detailed descriptions of climate, geology, topography, soils and vegetation can be obtained from Huntley & Morris (1982) and Knoop (1982) .
Methods

Spatial pattern of germination and establishment
The spatial distribution of seedlings relative to canopy cover of established trees on a 25 x 25-m plot was determined. In December 1982 (mid wet season) the positions of established (from previous growing season) and newly germinated (identified by presence of cotyledons) seedlings were mapped on the plot using a I-m grid system. Seedling numbers were recorded both in the open and under tree canopies. Counts were compared with the expected distribution of seedlings using the Chi-square statistic (X 2 
Light measurements
Photon flux density (PFD; /Lmol m -2S -1) under the canopies of established Acacia tortilis trees were measured using a Licor quantum sensor (measuring PAR). Mean PFD was calculated for the period from 09hOO-12hOO (mid December) by averaging values recorded every 20 min over the 3-h period. Measurements were taken at ground level at a distance midway between the bole and the outer edge of the canopy.
Growth responses to artificial shade Acacia tortilis seeds collected from Nylsvley Nature Reserve were scarified with boiling water. Immediately following radical emergence, seeds were planted in nursery bags (200-mm diam., 300-mm depth) containing sifted soil (86,6% sand, 7,9% silt, and 5,5% clay) collected from the Acacia study site at Nylsvley (see Harmse 1977; Knoop 1982) . Bags were then placed in a phytotron growth chamber. Air temperatures in the chamber were 32°C day/16°C night with 12-h days and relative humidity of 12%. Values were chosen based on mean climatic data from the weather station on the research site at Nylsvley. Plants were watered daily. Light in the growth chamber was provided by Sylvania VHO cool white reflectorized fluorescent tubes and 60W tungsten strip lights, which together provided the full photosynthetically active region of the spectrum. Four treatments were maintained in the growth chamber, using black nylon shade cloth. Mean PFD values for the four treatments were 770 (± 22,0),430 (± 13,1),330 (± 6,6), and 150 (± 3,4) /Lmol m-2 s-1 .
Plants were harvested at 2, 4, and 6 weeks following planting. The following parameters were measured for each individual (with the exception of leaf area for the 2-week plants): ~Iant height (mm), total root length (mm), leaf area (cm ), and dry weight of shoots [defined as all aboveground plant material (g)] and roots (g). Root length was measured using a method adapted by Milton (1982) from Rowes & Phillips (1974) . Root and shoot materials were separated, oven-dried for 48 h at 60°C, and weighed. The ratios of root/shoot, leaf area ratio (leaf area/total plant weight), and root biomasslleaf area were calculated from primary growth data for comparisons among treatments.
Whole plant relative growth rates were calculated for the periods between harvests for each treatment. Because of unequal sample sizes, random subsets of individuals were chosen for comparisons between harvest periods; these corresponded with the smallest sample size in the two harvest periods. Individuals were ranked by total biomass for each harvest and paired for comparisons (Evans 1972) . Net assimilation rate was calculated for the period between 4 and 6 weeks based on relative growth rate and mean leaf area ratio (4-to 6-week harvests) for each pair of individual observations (Evans 1972) .
All data for the 2-, 4-, and 6-week samples were subjected to analysis of variance (ANOV A) and Duncan's multiple-range test (Barr et al., 1979; Kramer 1956 ).
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Results
Spatial pattern of germination and establishment
There was a significantly greater proportion of newly germinated seedlings per unit area under tree canopies as compared with open areas (/ = 161,14, P < 0,0001). In contrast, there was a significantly lower proportion of established seedlings in under-canopy areas (X2 = 15,72, P < 0,001) ( Figure 1 ). 
Light measurements
Recorded PFD under the canopies of trees varied widely as a result of variation in tree height, canopy size (diameter), and grass cover. Values ranged from 30 to 420 /Lmol m -2S-1 with a median value of 105 /Lmol m -2S -1.
Growth response to artificial shade
Results from the phytotron experiment show that PFD has a significant effect on the growth of Acacia tortilis seedlings (Table 1) . There was a significant decrease in both root and shoot biomass with decreasing PFD for all three harvest periods. However, there was no significant difference in either root or shoot biomass between the 770 and 430 /Lmol m -2S -1 treatments over the duration of the study. At 2 weeks following planting, there was a 6,5-fold difference in mean root biomass between seedlings grown under 770 and 150 /Lmol m -2S -1. In comparison, there was only a 1,9-fold difference in shoot production. Both total root length and leaf area decreased significantly as a function of decreasing PFD.
Plant height was not significantly different among light treatments at the 2-week harvest. Significant differences were found at 4 and 6 weeks, however, with individuals grown under 430 /Lmol m -2S -1 having a significantly greater mean height than seedlings from the other three treatments. Although there were no significant differences between the highest (770 /Lillol m -2S -1) and the two lowest (150 and 330 /Lmol m -2S -1) treatments at 6 weeks, there was an inverse correlation (r = -0,70, P < 0,0001) between the ratio of plant height/shoot biomass and available light, suggesting that height growth was stimulated by reduced PFD.
There were significant differences in carbon allocation for the seedlings as a function of PFD over the 6-week period of the study (Table 1 ). The ratio of root/shoot increased for all three treatments from 2 to 4 weeks. There was a significant difference in root/shoot between the higher (430 and 770 ~-tmol m-2 s-1 ) and the lowest light treatment (150 ~-tmol m-2 s-1 ) at 2 weeks . Differences in root/shoot as a function of PFD continued through the second harvest period ( 4 weeks) , however, by the sixth week no significant differences among the treatments were found. Leaf area ratios differed significantly between the highest (770 ~-tmol m-2 s-1 ) and the lowest (150 ~-tmol m -zs-1 ) light treatments at both 4-and 6-week harvest periods (Table 1) , with values decreasing linearly as a function of increasing PFD (Figure 2 ). The ratio of root biomass/leaf area increased with increasing PFD , however only the differences between the highest (770 ~-tmol m -2 s -J) and the remaining treatments were significant (Table 1) .
Results of the comparisons of relative growth rate and net assimilation rate among treatments are presented in Table 2 . Seedlings grown under 150 ~-tmol m -2 s -J had a significantly lower relative growth rate for the 2-to 4-week period than seedlings grown under higher light treatments. However, there were no significant differences in relative growth rate among the treatments for the 4-to 6-week period . Net assimilation rates were significantly lower for plants grown in the 150 and 330 ~-tmol m -zs -J treatments for the 4-to 6-week period as compared with the 430 and 770 ~-tmol m-2 s-1 treatments.
Discussion
Similar results to those presented for Acacia tortilis have been observed in Australian and North American Acacia spp. that demonstrate shade avoidance (Withers 1979; Withers & Ashton 1977; Milton 1982; Bush & van Auken 1986; Lohstroh & van Auken 1987) . Initially, the Acacia tortilis seedlings grown under high PFD ( 430 and 770 ~-tmol m -2 s -1 ) allocate photosynthates to root development (0 to 4 weeks), resulting in an increasing ratio of root/shoot, thereafter shifting (relatively) production to above-ground biomass (declining root/shoot between 4 and 6 weeks~. In comparison, under low PFD (150 and 330 ~-tmol m-s-1 ) total growth is reduced, but root production was markedly low during the first 2 weeks. From 2 to 4 weeks there is a relative increase in allocation of photosynthates to root production, resulting in an increase in root/shoot. However, root/shoot is significantly lower than in the higher light treatments. The lower root/shoot is paralleled by a significantly higher leaf area ratio that offsets the lower net assimilation rate resulting from lower PFD (Figure 2) , thereby maintaining relative growth rates at levels equivalent to those in the higher light treatments. However, this pattern of allocation resulted in a decrease in the ratio of Although by the sixth week there were no significant differences in either root/shoot or relative growth rates among the treatments, the higher light treatments (430 and 770 jLmol m -2S -1) had significantly greater values of root and shoot biomass, leaf area, and total root length. Secondly, the lack of significant differences in root/shoot among the treatments was due to declining allocation to roots in the higher light treatments rather than an increase in root/shoot in the lower light treatments. S.-Afr. Tydskr. Plantk ., 1988,54(4) To fully understand the importance of the results, it is necessary to examine the temporal dynamics of production and carbon allocation in view of the environmental conditions of the savanna. A relatively low root biomass (low root/shoot, rootlleaf area; high leaf area ratio) will limit the ability of Acacia tortitis seedlings to take up water under conditions of low moisture availability. The semi-arid savannas of southern Africa fall within the summer rainfall region with a single rainy season generally lasting from October to April followed by a prolonged seasonal drought during the winter months (WaIter 1971) . During the rainy season, rainfall is highly variable with intraseasonal droughts (soil moisture below wilting point) being common. Similarly, variation in annual rainfall is high (Huntley & Walker 1982) . Therefore , the establishment of a well-developed root system early in growth , as well as the maintenance of a high ratio of rootlleaf area , will enhance the ability of seedlings to survive periods of low moisture availability. Although the shaded conditions under the canopy cover of established trees reduce evaporative losses and stem flow increases soil moisture availability following rainfalls, the rate of soil water depletion under the canopies of established trees is faster relative to open areas (Kennard & Walker 1973) .
Total above-ground dieback of young seedlings is common during the dry winter months (Men aut 1983), so the establishment of a well-developed root system is essential for growth in the following wet season. Similarly, reduced root reserves (low root biomass, root/shoot , and rootlleaf area) could limit the ability of seedlings to coppice following fire or herbivory, both of which are important influences on vegetation dynamics in the savannas of southern Africa (Huntley & Walker 1982) .
The interaction between light limitation and the water balance of plants growing under conditions of low moisture availability (e.g. tropical savannas) may not be restricted to reductions in ability to take up water from reduced root production or changes in carbon allocation to compensate for reduced light levels (e.g. changes in root/shoot) . Mahall & Schlesinger (1982) examined the effects of varying irradiance on the morphology and production of seedlings of Ceanothus megacarpus, a chaparral (North America) shrub species. Ceanothus seedlings were capable of significant net carbon gain in light levels equal to those measured under the canopies of natural stands. However, the water use efficiency (WUE) of leaves from individuals grown under low irradiances was significantly lower than for leaves of seedlings grown under high irradiances for light levels approaching and above saturation. The leaves of seedlings grown under naturally shaded conditions would have much lower WUE's than leaves grown in un shaded environments. The reduction in WUE could be particularly important in environments where water availability is limited. Research is needed to examine the role of shading and the associated morphological modifications of leaf structure on the WUE of African Acacia spp. to fully understand the potential effects of reduced light levels on the water balance of savanna trees under conditions of low water availability.
The suppression of Acacia spp. seedling growth under shaded conditions may also play an important role in the interaction of grasses and woody vegetation in Acacia savannas. Brown & Booysen (1967) found that seedlings of Acacia tortilis and Acacia karoo rarely survived under closed canopies of grass. A comparison of seedlings grown in both grass-swards and open conditions showed similar results to those found in the present study. Seedlings grown in areas of grass cover were elongated with an absence of branching and had lower shoot biomass values as compared with individuals grown under open conditions (i.e. grass cover removed). Knoop (1982) found a significant increase in Acacia tortilis and Acacia nilotica seedling establishment following the removal of grass cover. Whether the reduction in seedling establishment in areas of high grass cover occurs because of competition from grasses for moisture in the topsoil following germination, as is generally thought, or because of reduction in available light by shading has not been established. That competition between woody seedlings and grass for topsoil moisture is the sole factor limiting seedling establishment, however, seems unlikely because removal of grass has little influence on topsoil moisture availability. Increased evaporation and decreased infiltration after removal of herbaceous vegetation largely compensates for decreased transpiration (Kelly & Walker 1976; Knoop 1982; Knoop & Walker 1985) .
Conclusions
In general, results of the present study suggest that the absence of Acacia spp. seedling establishment under the canopy cover of established trees (Acacia spp.) is not a result of reduced germination in under-canopy environments, but rather a result of reduced survival compared to open areas. Results of the growth analyses show that the measured reductions in available light below tree cover can result in significant reductions in both root and shoot production, as well as important shifts in carbon allocation. This suggests that light levels under tree canopies could potentially limit Acacia tortilis seedling establishment, either as a sole factor, or more likely in combination with moisture stress, predation or fire .
